I. INTRODUCTION
In modern wireless communication systems, band pass filter (BPF) with miniaturized dimensions, minimum insertion loss and enhanced selectivity is highly desirable and challenging constraints. Extensive research works and several techniques have been reported in the literatures to meet these requirements. The design of dual-band filters employing the F o r R e v i e w O n l y conventional stepped-impedance resonator (SIR) has become a popular approach [1] [2] [3] [4] . The resulting dual-band behaviour can easily control the second passband frequency by varying the impedance ratio and electrical lengths of SIR. Furthermore, the design of dual-band BPFs based on modified and open stub loaded SIRs have also been reported in [5 -7] . Compact dual-band BPFs with high selectivity have been also designed using the quadruple-mode (QMR) [8 -11] . Spiral resonators have been adopted to realize compact dual-bands BPFs [12] , [13] .
On the other hand, the conventional SRRs and CSRRs have been reported in [14 -20] to design compact bandpass filters and microwave planar circuits. A DGS structure based on Hilbert fractal curve has been used in the design of a microstrip lowpass filter operating at the L-band microwave frequency [21] . The Sierpinski fractal geometry has been used in the implementation of a CSRR [22] ; where split ring geometry using square Sierpinski fractal curve has been proposed to reduce the resonant frequency of the structure and achieve improved frequency selectivity in the resonator performance. It has been also reported that Minkowski, Koch and Peano fractal geometries have been successfully applied to the conventional square ring resonators to produce high performance miniaturized dual-mode microstrip BPFs [23 -25] . Sierpinski fractal curve has been also applied to design a dualmode microstrip BPF based on the conventional square patch [26] . Recently, other fractal geometries have been also applied in the design of miniaturized dual-band dual-mode BPFs [27 -28] .
Furthermore, split ring resonators, SSRs, complementary split ring resonators, CSRRs, and complementary single split ring resonators, CSSRRs, have been adopted in the design of BPFs and band reject filters. On the basis of complementary split-ring resonator (CSRR) using Koch fractal curve, a bandpass filter based on such a structure is designed [29] . Hilbert fractal geometry has been applied as a DGS to produce miniaturized fractal spiral resonators [30] . A comprehensive study of the effects of the conventional SRRs and CSRRs on their resonant frequencies has been reported in [31] . It has been concluded that the resonant frequency is predominantly determined by the rings dimensions, the inter-ring separation, and the rings gap widths, since the CSRR self and mutual inductances and capacitance are highly attributed by these parameters. However, smaller split rings have higher resonant frequencies.
In this paper, a compact dual-mode dual-band microstrip BPF is introduced. The ground plane of the proposed filter has been defected using fractal based CSRR. The inner ring of the conventional square CSRR has been modified by applying Minkowski like pre-fractal curve to its sides. This results in more compact microstrip BPFs with dual pass bands. Higher resonant band is attributed to the dual mode ring structure, while the other is a result of the embedded CSRR structure in the filter ground plane. The Application of different iteration levels to the inner ring results in filter responses with different resonant frequency ratios. Measured results carried out on fabricated filter prototypes, corresponding to different iteration levels, are in good agreement with those theoretically predicted. 
II. The Filter Structure
The structure of the proposed filter consists of two parts; the first part is the conventional microstrip dual-mode BPF configuration which constitutes the upper side of the whole structure, while the second part represents the proposed CSRR as a DGS in the ground plane. In this paper, the Minkowski-like pre-fractal geometry has been applied to both parts. Fig.1 demonstrates the generation process of the Minkowski-like pre-fractal geometry as applied to a squared shape ring. Fig. 1 . The generation process of the Minkowski-like pre-fractal structure: (a) the generator, (b) the square ring, (c) the 1st iteration, and (d) the 2nd iteration [23] .
For simplicity, the same fractal geometry has been applied to both the dual-mode resonator filter and CSRRs DGS. It has been shown that shape modification of the structure depicted in Figs. 1(c) and 1(d) are ways to increase the surface current path length compared with that of the conventional square ring resonator; resulting in a reduced resonant frequency or a reduced resonator size, if the design frequency is to be maintained [23] . For the nth iteration, the Minkowski-like pre-fractal structures depicted in Figs. 1(c) and 1(d) have been found to have the perimeters given by [23] , [32] [33] :
where P n is the perimeter of the nth iteration pre-fractal structure, and w 2 and L o are as depicted in Fig.1 .
It is expected then; further miniaturization can be achieved when applying fractal geometries to the conventional square CSRR. This means that higher iterations will result in further miniaturization possibility owing to its extra space filling property. The increase in length decreases the required volume occupied for the pre-fractal bandpass filter at resonance. Theoretically, as n goes to infinity the perimeter goes to infinity. The ability of the resulting structure to increase its perimeter in the successive iterations was found very triggering for examining its size reduction capability as a microstrip bandpass filter. It should be reminded again that the same fractal has been applied to the dual-mode ring resonator (on the top of the filter structure) and the CSRR in the ground plane (on the bottom of the filter structure). However, this does not prevent the possibility to use other types of space filling fractal curves for the same task. 
III. The Filter Design
It is worth to mention here that, a dual-mode fractal based ring resonator, as shown in Fig.  2 (a), has been adopted by one of the authors to produce a miniaturized dual mode microstrip BPF [23] , where the Minkowski-like fractal geometry has been applied for this purpose. In this paper, the same dual-mode filter structure is recalled again. What is new here is that the filter ground plane is perforated with fractal based CSRRs shown in Figs. 1(c) and 1(d) in an attempt to produce a miniaturized dual-band dual-mode BPF. Fig. 2 demonstrates the details of the proposed filter structure. The top view of this structure, Fig. 2(a) , represents the dualmode BPF with the associated input/output feed lines. The ring resonator of this filter has the structure corresponding to the 2nd iteration Minkowski pre-fractal geometry. The bottom views, Figs. 2(b) and 2(c), show the fractal based CSRR structures corresponding to the 1st and 2nd iterations Minkowski pre-fractal geometry that have to be embedded in the proposed filter ground plane. The first step, the filter structure of Fig. 2 (a) has been designed for the ISM band applications at 2.45 GHz with its ground plane not defected. The filter structure has been etched using a substrate with a relative permittivity of 2.2 and thickness of 0.508 mm. The input/output ports have characteristic impedances of 50 Ω. This corresponds to a transmission line width of about 1.12 mm. At resonance, the dual mode resonator side length is found to be equal to 13.52 mm with the ratio of w 2 /L o of about 0.34.
Based on this filter, two other filters with their ground planes being defected with CSRRs fractal structures corresponding to those depicted in Figs. 2(b) and 2(c) have been modelled using the prescribed substrate. As these structures imply, the inner split rings are in the form of Minkowski-like fractal geometry of the 1st and 2nd iterations respectively. In both cases, the dimensions of the CSRR are such that the side length of the outer ring is exactly equal to that of the dual mode resonator. The inner fractal shaped rings are scaled such that the interring separation between the outer and the inner rings is found to be 0.55 mm to achieve the 
IV. Performance Evaluation
The filter structure, depicted in Fig. 2(a) with no CSRR in its ground plane, has been modelled and analyzed at the design frequency, using the commercially available EM simulator, CST Microwave Studio [34] . The dual mode resonator side length is found to be equal to 13.52 mm at resonance. This length represents about 0.11 the guided wavelength, λ g , which is given by:
where ε eff is the effective dielectric constant and can be calculated by empirical expressions reported in the literature [35] . For the present case, λ g has been found to be 89.35 mm at the design frequency. Fig. 3 shows a photo of a prototype of this filter fabricated with mentioned dimensions and substrate parameters. The bottom right of the fractal based filter depicted in Fig. 3 has been modified to introduce a dissymmetry in the resonator structure. This dissymmetry is important because it makes possible controlling the coupling between the filter two orthogonal modes [23] . This topology introduces two transmission zeros, one on each side of the passband; enhancing the selectivity of the filter as shown in Results shown in Fig. 4 , imply that the filter offers good return loss response with an in band level of more than -20 dB, and a transmission response with two transmission zeroes almost symmetrically located around the design frequency and an out of the band response of more the -25 dB. In addition, measured and simulated results are in good agreement.
Moreover, two other BPF filters have been designed; both with the same dual-mode resonator depicted in Fig. 3 . The first filter has the CSRR DGS structure based on the 1st iteration Minkowski like fractal geometry as shown in Fig. 2(b) , while the other filter has the CSRR DGS shown in Fig. 2(c) which is based on the 2nd iteration of the same fractal geometry. In this context, the topology of the introduced CSRR DGS has an equivalent circuit model composed of parallel combination of the ring inductance L r and ring capacitance C r in series with a coupling capacitance C r [19] . It is expected then, that the filter structure will have a third transmission zero. The position of this transmission zero is given by the frequency that nulls the shunt impedance as follows:
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The prototype photo of the first filter is shown in Fig. 5 . The corresponding measured and simulated results of return loss and transmission responses offered by this filters are shown in Fig. 6 . As it is implied in this figure, the upper resonant band which is attributed by the dualmode structure is maintained; as if this resonator performs alone regardless of the existence of the CSRR DGS. The effect of the embedded CSRR DGS is assured by the appearance of the lower resonant bands. There is no such a resonant band associated with the response of the filter with non-defected ground plane. Higher fractal iteration level of the CSRR leads reduced lower resonant frequency, and consequently, makes the filter gains further miniaturization or, in other word, provides the designer with a practically useful means to tune the resulting filter response to the specified frequencies.
This is confirmed by the other filter shown in Fig. 7 , where its CSRR DGS structure is based on the 2nd iteration Minkowski like fractal geometry. The corresponding measured and simulated return loss and transmission responses of this filter are shown in Fig. 8 . Here, it has been noted again that the upper resonant band is almost maintained unchanged, as compared with those observed in Figs. 4 and 6 for the filters without CSRR DGS and 1st iteration fractal based CSRR DGS shown in Figs. 3 and 5 respectively. On the other hand, the lower resonant frequency of this filter is lower than that produced by the filters with 1st iteration fractal based CSRR DGS shown in Fig. 5 . This is, of course, due to the extra length provided by the 2nd iteration fractal structure compared with that provided by the CSRR DGS based on the 1st iteration fractal structure, as equation 2 implies. The ratio of the lower resonant frequencies attributed by the split rings depicted in Figs. 2(b) and 2(c) is equal to 1.25 which is very close to the ratio of their corresponding perimeters, 1.42 as calculated using equation 1. This ratio becomes closer, 1.33, if the slight change in the guided wavelength is to be taken into account. This interesting result indicates that increasing the perimeter of the inner split ring, due to the higher fractal iteration level, results in lowering the CSRR resonant frequency. Based on this, for different values of w 1 and w 2 , Fig. 3(a) , a wide range of the inner split ring perimeters will result in. It is then expected to design dualband filters with fixed higher frequency and wide range of lower resonant frequencies. Consequently, this indicates that using inner split rings with structures based on fractal geometries having higher space-filling properties such as Hilbert and Peano fractal curves will result in lower resonant frequencies. Fig . 11 shows the surface current distribution on the top and the bottom of the filter structure at the centres of the two pass bands. It is clear again that the two resonating bands are independent on each other; in Fig. 11(a) , the surface current density on the surface of the dual mode structure is high at the upper band, while it approaches zero at the lower band. The reverse is true in Fig. 11(b) , for the surface current density on the bottom ground plane. It is worth to note that the same color scale is adopted for all figures.
V. Conclusion
A compact dual-band dual-mode microstrip BPF has been presented in this paper, where two miniaturization techniques have been simultaneously applied to construct it. These include the use of the conventional dual-mode square ring resonator together with the application of a fractal based CSRR as a DGS in the filter ground plane. Measured and simulation results show that the proposed filter offers a transmission response with two passbands; the first one is that originally produced by the dual-mode ring resonator and the other is a result of the DGS. The lower passband is that attributed by the CSRR; which means that the CSRR provides further miniaturization besides that conventionally produced by the dual-mode ring resonator. Furthermore, results show that two bands are independently produced. He is current involved in the research of developing ultra-wideband antennas for partial discharge detections in MV and HV underground cables, meta-materials microwave antenna and filters, and FPGA based partial discharge location and detection system for power distribution assets. He is currently a Professor in the Electronics and Communications Engineering Department at University Tenaga Nasional and also the head of the research center for radiofrequency and microwave engineering. 
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